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Learning-correlated plasticity at CA1 hippocampal excita-
tory synapses is dependent on neuronal activity and
NMDA receptor (NMDAR) activation. However, the mole-
cular mechanisms that transduce plasticity stimuli to
postsynaptic potentiation are poorly understood. Here,
we report that neurogranin (Ng), a neuron-speciﬁc and
postsynaptic protein, enhances postsynaptic sensitivity
and increases synaptic strength in an activity- and
NMDAR-dependent manner. In addition, Ng-mediated po-
tentiation of synaptic transmission mimics and occludes
long-term potentiation (LTP). Expression of Ng mutants
that lack the ability to bind to, or dissociate from, calmo-
dulin (CaM) fails to potentiate synaptic transmission,
strongly suggesting that regulated Ng–CaM binding is
necessary for Ng-mediated potentiation. Moreover, knock-
ing-down Ng blocked LTP induction. Thus, Ng–CaM inter-
action can provide a mechanistic link between induction
and expression of postsynaptic potentiation.
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Introduction
Synaptic plasticity is the ability of synapses to change their
strength and is widely thought to underlie learning and
memory. One of the best-characterized forms of synaptic
plasticity is long-term potentiation (LTP) (Alkon and
Nelson, 1990; Bliss and Collingridge, 1993; Chen and
Tonegawa, 1997; Baudry, 1998; Elgersma and Silva, 1999;
Kandel et al, 2000; Martin et al, 2000; Maren, 2001; Benfenati,
2007). At excitatory synapses in CA1 region of the hippocam-
pus, LTP is NMDA receptor (NMDAR) dependent. During
normal synaptic transmission, released glutamate from the
presynaptic terminal activates primarily AMPA receptors
(AMPARs). During the induction of LTP, depolarization of
the postsynaptic cell takes place, resulting in the dissociation
of Mg
2þ from its binding site within NMDARs and allowing
Ca
2þ to enter the spine. The local increase in Ca
2þ within the
spine allows calmodulin (CaM) to be in its Ca
2þ-binding
conformation and activates subsequent targets. A relatively
large increase (a few micromolars) in Ca
2þ concentration
occurring over a short period of time (a few seconds)
activates Ca
2þ/CaM-dependent protein kinase II (CaMKII),
leading to the induction of LTP. Thus, CaM availability has a
signiﬁcant function in determining whether LTP can be
induced.
It is now appreciated that CaM-binding proteins buffer CaM
(whose concentration ranges from 10 to 100mMi nd i f f e r e n t
areas of the brain, Biber et al, 1984), controlling its availability
(Persechini and Stemmer, 2002; Tran et al, 2003; Sanabria et al,
2008). One of the most abundant (its concentration was
estimated to be about 20mM in the hippocampus) postsynaptic
CaM-binding proteins is neurogranin (Ng) (Represa et al, 1990;
Watson et al, 1994; Gerendasy et al, 1994a,b; Alvarez-Bolado
et al, 1996; Zhabotinsky et al, 2006). In the non-phosphory-
lated state and through its IQ motif, Ng binds to CaM. An
increase in intracellular Ca
2þ activates PKCg, which phos-
phorylates a serine residue (S36) within the IQ motif of Ng,
rendering it incapable of binding to CaM (Ramakers et al,
1995). Moreover, the increase in local Ca
2þ per se can also
dissociate CaM from Ng (Baudier et al, 1991; Huang et al,
1993, 2000; Gerendasy et al, 1995). Thus, through its ability to
regulate the availability of CaM within the spine, Ng can be an
essential element in LTP induction.
Two main views exist regarding the function of Ng in
neurons. According to one view, Ng concentrates and targets
CaM within the spine and enhances the probability of indu-
cing LTP (Gerendasy, 1999; Prichard et al, 1999; Zhabotinsky
et al, 2006). The other view, however, is that Ng negatively
modulates CaM and constrains Ca
2þ/CaM-mediated signal-
ling (Martzen and Slemmon, 1995; Krucker et al, 2002).
In this study, we explored the role of Ng in synaptic
function and plasticity in CA1 hippocampal neurons. Using
a combination of molecular biology, electrophysiology, and
confocal and electron microscopy, we have found that Ng
potentiates synaptic transmission in a regulated manner. This
potentiation mimics LTP in that it is activity dependent,
NMDAR dependent, and CaMKII dependent. We also show
that Ng–CaM interaction is required for Ng-mediated poten-
tiation. Therefore, our data suggest that CaM targeting within
dendritic spines is essential for enhancing the sensitivity of
the postsynaptic terminal. This work provides a mechanistic
link between the stimuli of neuronal plasticity and postsy-
naptic potentiation.
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Ng potentiates synaptic transmission
in an activity-dependent manner
It has been shown that Ng concentrates in the dendritic
spines (Watson et al, 1992; Neuner-Jehle et al, 1996). A
computational study has also supported the need for a high
protein concentration in the spines for the ability to induce
LTP (Zhabotinsky et al, 2006). However, the exact molecular
mechanism of Ng function is unclear. In particular, the
signiﬁcance of having more Ng in neurons has never been
evaluated. As a ﬁrst step to explore the role of Ng in synaptic
function, we expressed GFP-tagged Ng using Sindbis virus in
CA1 hippocampal neurons. GFP-Ng was expressed efﬁciently
in hippocampal slice cultures (Figure 1A), as assayed by
western blot analysis (Figure 1B). As the only known func-
tional interaction for Ng is that to CaM, we wanted to test
whether GFP-Ng binds to CaM in a Ca
2þ-dependent manner.
To do so, we expressed GFP-Ng in CA1 hippocampal neurons.
After expression, tissues were homogenized and incubated
with CaM-sepharose beads in the presence of 2mM EDTA or
2mM Ca
2þ. The pull-down assay shows that GFP-Ng was
able to bind to CaM only in the absence of Ca
2þ, similar to
endogenous Ng (Figure 1C). This is consistent with earlier
studies showing that Ng binds to CaM in a Ca
2þ-dependent
manner (Baudier et al, 1991; Huang et al, 1993, 2000;
Gerendasy et al, 1995). To further investigate whether there
is a Ca
2þ-independent binding between Ng and CaM, a
second elution step was performed in which the beads were
boiled in an SDS-containing buffer. This elution step did not
show any signiﬁcant Ng–CaM binding that is Ca
2þ indepen-
dent (Supplementary Figure 1).
The effect of GFP-Ng on synaptic transmission was eval-
uated by simultaneous double whole-cell recordings from
pairs of nearby infected and uninfected neurons under vol-
tage-clamp conﬁguration. As shown in Figure 2A, Ng sig-
niﬁcantly increased AMPAR-mediated responses, without
affecting NMDARs. To note, there is no correlation between
the age of the slice culture, at the time of recording, and the
ability of Ng to enhance synaptic transmission within the
time frame used (Supplementary Figure 2).
To test whether Ng-mediated potentiation in synaptic
transmission is dependent on spontaneous activity, we car-
ried out double whole-cell recordings from slices in which
spontaneous activity was blocked with the sodium channel
blocker tetrodotoxin (TTX, 1mM) during GFP-Ng expression.
Under these conditions, Ng failed to potentiate AMPAR-
mediated responses (Figure 2B), indicating that activity is
required for Ng-mediated potentiation.
We then tested whether Ng-mediated potentiation is de-
pendent on NMDAR activation. Thus, we carried out simul-
taneous whole-cell double recordings from infected and
uninfected neurons as described above. In these experiments,
however, AP5 was added shortly after the local injection of
Ng to block NMDARs. Under these conditions, Ng was unable
to potentiate synaptic transmission (Figure 2C), indicating
that such potentiation is NMDAR dependent.
As an independent method to test the function of Ng on
synaptic transmission, we measured miniature excitatory
postsynaptic currents (mEPSCs) in uninfected and Ng-expres-
sing neurons. In agreement with the results shown in
Figure 2A, Ng overexpression increases the mEPSC amplitude
(Figure 2D). This increase in the mEPSC amplitude is also
NMDAR dependent (Figure 2D, right panel).
Although Ng was expressed in postsynaptic CA1 neurons,
we wished to test whether Ng indirectly interferes with
presynaptic mechanisms. To this end, we measured paired
pulse facilitation (PPF), a form of short-term synaptic plasti-
city and an indicator of presynaptic function, from control
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Figure 1 GFP-tagged Ng binds CaM only in the absence of Ca
2þ.
(A) Image of GFP-ﬂuorescence signal from a hippocampal slice
infected with a Sindbis virus expressing GFP-tagged Ng. The
expression is limited to the CA1 area, in which the virus was
delivered by extracellular injection. (B) Western blot analysis of
the expression of Ng from slices injected with recombinant Ng
(infected) and control (uninfected) slices. Recombinant Ng has the
expected molecular weight (about 34kDa) and is detected by anti-
Ng antibody. (C) Western blot analysis of CaM ‘pull-down’ assay
from hippocampal extracts of uninfected (uninf) or GFP-Ng infected
slices in the presence of EDTA or Ca
2þ. Note that both endogenous
and recombinant Ng were pulled down only in the absence of Ca
2þ.
As a control, the membrane was stripped and re-probed for CaMKII,
which is pulled down with CaM, only in the presence of Ca
2þ as
expected.
Ng enhances synaptic strength by its interaction with CaM
L Zhong et al
The EMBO Journal VOL 28 | NO 19 | 2009 &2009 European Molecular Biology Organization 3028and Ng-expressing neurons. PPF is unaltered by Ng expres-
sion (Supplementary Figure 3). This result conﬁrms that Ng-
mediated potentiation is not because of a presynaptic effect.
Ca
2þ/CaMK signalling is required for Ng-mediated
GluR1 synaptic insertion
In hippocampal CA1 neurons, expression of LTP is mediated
by synaptic insertion of GluR1-containing AMPARs into the
synapses (Hayashi et al, 2000). As Ng-mediated synaptic
potentiation shares many of the characteristics of LTP (e.g.
potentiates transmission in an activity- and NMDAR-depen-
dent manner) and occludes LTP (Figure 7A), we wished to
test whether Ng expression is capable of adding GluR1-
containing AMPARs into the synapses. To do so, we used
the biolistic method to cotransfect CA1 neurons with GFP-
GluR1 and Ng. Delivery of GFP-GluR1 receptors to synapses
is monitored using the inward rectiﬁcation properties of the
homomeric recombinant receptor (electrophysiological tag-
ging) (Hayashi et al, 2000; Gerges et al, 2005). Synaptic
delivery was then quantiﬁed as an increase in the ratio of
the evoked postsynaptic current at  60mV relative to the
current at þ40mV (rectiﬁcation index¼I 60/Iþ40). As
shown in Figure 3A, there was a signiﬁcant increase in the
rectiﬁcation index, indicating that expression of Ng resulted
in GluR1 synaptic delivery. These results further support the
hypothesis that Ng, similar to CaMKII, mimics LTP. It is worth
mentioning that Ng expression did not produce any change in
rectiﬁcation when GluR1 was not co-expressed (Figure 3A).
Also, the expression of GluR1 alone does not change rectiﬁ-
cation (Figure 3A; Hayashi et al, 2000).
During synaptic potentiation, CaM is a key for the activa-
tion of CaMKII. It is thus not unreasonable to hypothesize
that Ng targets more CaM within the spine, making the
postsynaptic terminal more sensitive to local Ca
2þ changes
and leading to the activation of CaMKII, which, in turn,
results in AMPAR insertion. To test whether CaM-dependent
activation of CaMKII is required for the Ng-mediated inser-
tion of GluR1, we incubated slices with KN-62, a potent
inhibitor of CaM–CaMKII interaction that is needed for
CaMKII activation, during the co-expression of GluR1 and
Ng. As shown in Figure 3A, KN-62 completely abolished Ng-
mediated GluR1 delivery. Similarly, KN-93, another potent
inhibitor for CaM–CaMKII interaction, also blocked Ng-
mediated GluR1 delivery. As a control, KN-92, a structurally
similar compound to KN-93, but unable to block CaM–
CaMKII interaction, did not interfere with Ng-induced
GluR1 delivery. Although both KN-62 and KN-93 are potent
inhibitors for CaMKII, it is important to note that they also
inhibit CaMKI and CaMKIV equally well. However, based on
the literature and the well-established Ca
2þ–CaM–CaMKII
cascade in GluR1 insertion, CaMKII is the most likely CaMK
involved. Thus, these results suggest that CaM-mediated
activation of CaMKII is necessary for Ng-mediated GluR1
delivery.
Next, we tested whether Ng overexpression results in a
higher population of constitutively active CaMKII. To test this
possibility, CA1 regions were separated (15–24h after Ng
local injection in the CA1 area), homogenized, and processed
for synaptosomal fractionation. Overnight expression of GFP-
tagged Ng was sufﬁcient to signiﬁcantly increase the phos-
phorylated fraction of CaMKII in synaptosomes (Figure 3B),
indicating higher levels of constitutively active CaMKII, than
in control (uninfected) conditions. Interestingly, the increase
in phospho-CaMKII was much smaller (and not signiﬁcant)
in total slice homogenates (Figure 3B), suggesting that Ng
overexpression causes the increase in CaMKII activation
preferentially in the synapses.
Ng–CaM interaction is required for Ng-mediated
potentiation
To directly test whether the binding of CaM to Ng is necessary
for Ng-mediated potentiation of synaptic transmission, we
generated a mutant of Ng that lacks the IQ motif (Ng-IQless).
Removal of the IQ motif renders Ng incapable of binding to
CaM (Figure 4A; see also Dominguez-Gonzalez et al, 2007).
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Figure 2 Ng enhances AMPAR-mediated synaptic transmission in
an activity-dependent manner. (A–C) Left panels, sample traces of
evoked AMPAR- and NMDAR-mediated synaptic responses recorded
at  60mV (the peak amplitude) and þ40mV (the amplitude at
60ms latency, when AMPAR responses are decayed), respectively,
as indicated with arrows. Scale bars, 40pA, 40ms. Data represent
average evoked EPSCs recorded at  60mV (left graph)o rþ40mV
(right graph) simultaneously from pairs of nearby uninfected (con-
trol) and Ng-infected (Ng) CA1 neurons without TTX or AP5 (A), in
the presence of TTX (B) or in the presence of AP5 (C). (D) Left
panel, sample traces of spontaneous mEPSCs recorded at  70mV
from uninfected neurons (control) or neurons expressing Ng (Ng) in
the absence of AP5. Scale bars, 20pA, 5s. Data represent average
mEPSC in the absence of AP5 (left graph) or in the presence
of overnight (o.n.) AP5 added shortly after the viral injection
(right graph), *indicates signiﬁcance (Po0.05).
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was evaluated by recording simultaneously from nearby
infected and uninfected CA1 neurons (similar to those pre-
sented in Figure 2). As shown in Figure 4A, Ng-IQless failed
to potentiate synaptic transmission, suggesting that Ng–CaM
interaction is required for Ng-mediated potentiation.
It has been shown that the phosphorylation of the serine
residue (S36) within the IQ motif prevents Ng from binding to
CaM (Huang et al, 1993). Therefore, a single point mutation
of this serine to aspartate (S36D) renders Ng to a mutant with
a very low afﬁnity to CaM (Gerendasy et al, 1994a). To
further test the signiﬁcance of CaM binding to Ng, we
generated this single point mutation of Ng (Ng-SD). This
Ng mutant is incapable of binding to CaM even in the absence
of Ca
2þ (Figure 4B). As shown in Figure 4B, Ng-SD failed to
potentiate synaptic transmission, further supporting the need
of Ng–CaM binding for Ng-mediated potentiation.
These data suggest that Ng may be targeting CaM within
the dendritic spines and enhancing the postsynaptic sensitiv-
ity. Increasing postsynaptic local Ca
2þ will thus dissociate
CaM from Ng, allowing it to activate CaMKII. To directly test
whether Ng’s ability to release CaM on demand (i.e. with the
increase of Ca
2þ concentration) is required for Ng-mediated
potentiation, we developed an Ng mutant that constitutively
binds to CaM even in the presence of Ca
2þ. We developed
this mutant based on some published observations: ﬁrst,
single amino-acid mutation in Ng in the phenylalanine resi-
due (F37) to tryptophan rendered Ng to a mutant with high
afﬁnity to CaM in the presence of Ca
2þ (Gerendasy et al,
1994a). In addition, we mutated serine 36 to alanine (S36A);
thus preventing its phosphorylation-induced CaM dissocia-
tion. Figure 4C shows that unlike the endogenous Ng, GFP-
tagged Ng-SFAW is pulled down with CaM even in the
presence of high Ca
2þ concentration (2mM). Ng-SFAW was
unable to enhance synaptic transmission, suggesting that Ng-
mediated potentiation requires the ability of Ng not only to
bind to CaM, but also to release it on demand. (To note, none
of these Ng mutants or Ng wild type affected passive mem-
brane properties of the infected cells, such as input resistance
and holding current; see Supplementary Figure 4.)
CaM overexpression does not enhance
synaptic transmission
To better understand the function of CaM in synaptic trans-
mission, we wished to test the effect of CaM overexpression
on AMPA and NMDAR function. In contrast to GFP-Ng
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Figure 3 CaM-dependent activation of CaMKII is required for Ng-mediated GluR1 synaptic insertion. (A) The rectiﬁcation index was
calculated as the ratio of the amplitude of the AMPAR-mediated responses at  60mV over that at þ40mV and normalized to that of
untransfected neurons (unt). Endogenous receptors conduct current at  60 and þ40mV, whereas recombinant receptors conduct only at
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index; n represents the number of cells; P is the probability value according to Student’s t-test. Inset, sample traces of evoked AMPAR-mediated
synaptic responses recorded at  60 and þ40mV from control or transfected cells as indicated. Scale bar, 20pA and 20ms. (B) Western blot
analyses of synaptosomes and homogenates prepared from the CA1 area of control (uninfected) or Ng-infected hippocampal cultured slices.
P is the probability value according to Student’s t-test.
Ng enhances synaptic strength by its interaction with CaM
L Zhong et al
The EMBO Journal VOL 28 | NO 19 | 2009 &2009 European Molecular Biology Organization 3030expression and to our surprise, CaM overexpression was not
able to potentiate synaptic transmission (Figure 5). This
result indicates that increasing CaM per se does not increase
synaptic transmission. This suggests that Ng may not be
randomly distributed within the postsynaptic terminal and
thus targeting CaM within the spine may be critical for Ng-
mediated potentiation. To note, the expression level of GFP-
CaM was comparable to that of GFP-Ng (Supplementary
Figure 5).
Ultrastructural localization of Ng in dendritic spines
If Ng is acting as a recruiting or targeting factor for CaM, its
location within the spine may impact its function. To this end,
we wished to understand the precise ultrastructural localiza-
tion of Ng. Therefore, we carried out post-embedding anti-Ng
immunogold labelling on the synaptic CA1 region of the
hippocampus. Most of the synapses examined contained Ng
labelling (only 13% did not show immunogold labelling),
with an abundant labelling in the postsynaptic terminal
(Supplementary Figure 6A). To quantitatively determine the
localization of Ng within the postsynaptic terminal, we used
a method for quantiﬁcation similar to the one described
earlier (Racz and Weinberg, 2006). Brieﬂy, we measured
the shortest distance between each gold particle and the
plasma membrane (within the spine) next to the postsynaptic
density (PSD). This distance was normalized to the radial
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2þ. Data represent average evoked EPSCs recorded at  60mV (left graphs)o rþ40mV
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distribution of Ng within the spine is signiﬁcantly different
from that of a random distribution. Moreover, as shown in
Figure 6, Ng is preferentially localized close to the plasma
membrane. Further analysis revealed that 31.3% of Ng label-
ling was at the extrasynaptic plasma membrane next to the
PSD (within 20nm of the plasma membrane) and only 5.7%
at the PSD (Supplementary Figure 6B). Interestingly, Ng
localization at the extrasynaptic membrane (within the
spine) reveals a non-uniform distribution, in which there is
a minimal concentration midway between the PSD edge and
the furthest tangential point (Supplementary Figure 6C), an
area within the spine that is well characterized as the
endocytic zone (Blanpied et al, 2002; Racz et al, 2004; Lu
et al, 2007). Our data support a model in which Ng is not
randomly distributed within the spine, strongly suggesting
that it has a speciﬁc function in the localization or targeting of
CaM within the spine.
Ng occludes LTP
Our observation that Ng-mediated potentiation of synaptic
transmission is dependent on activity and NMDAR activation
suggests that overexpression of Ng may be redistributing or
targeting CaM within the spine, making the spine more
sensitive to local Ca
2þ changes because of spontaneous
activity and, therefore, enhancing AMPAR transmission in
an LTP-like manner. This is also supported by the observation
that Ng expression results in GluR1 delivery (Figure 3A). To
investigate more directly the function of Ng in LTP induction,
we evaluated the effect of GFP-Ng expression on LTP in CA1
hippocampal neurons. LTP was induced in infected (GFP-Ng
expressing) and uninfected CA1 neurons by pairing presy-
naptic stimulation (3Hz, 1.5min) with postsynaptic depolar-
ization (0mV). As shown in Figure 7A and B, uninfected
neurons exhibited robust LTP. In contrast, neurons expressing
Ng did not exhibit LTP (Figure 7A and B). This resembles the
effect of PSD95, whose expression enhanced synaptic trans-
mission and occluded LTP (Stein et al, 2003). Similarly,
expression of a constitutively active form of CaMKII also
enhanced synaptic transmission and occluded LTP (Bach
et al, 1995). Nonetheless, in the case of Ng expression, the
synaptic potentiation is NMDAR dependent as evidenced by
the lack of potentiation when AP5 was incubated during Ng
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Figure 5 CaM does not change synaptic transmission. Inset, sam-
ple traces of evoked AMPAR- (left) and NMDAR(right)-mediated
synaptic responses recorded at  60 and þ40mV, respectively.
Scale bars, 40pA, 40ms. Left graph, comparisons of evoked
AMPAR-mediated responses from CaM-infected and control neu-
rons. Right graph, simultaneous recordings of evoked NMDAR-
mediated responses from CaM-infected and control neurons.
Figure 6 Ultrastructural organization of Ng in dendritic spines. Left, representative electron micrographs of post-embedding immunogold
labelling. Gold particles were found speciﬁcally at the postsynaptic terminal and preferentially closer to the plasma membrane. (A) Cumulative
probabilities of normalized radial distance. The distance of each gold particle from the plasma membrane (within the spine) has been
normalized (x axis) to the radius of the spine. Thus, 0 corresponds to a particle lying on the membrane and 1 to a particle lying at the centre of
the spine. The random distribution has been generated by using a random number generator macro in a spine-shaped surface. Ng distribution
is signiﬁcantly different from that of a random distribution (50% of randomly distributed particles are located within 0.45 of normalized lateral
distance; unlike in the Ng case, in which 50% of the gold particles exist within 0.2 of the normalized lateral distance). P-value was calculated
using Kolmogorov–Smirnov test. (B) Frequency histogram of the same data showing the highest peak for Ng distribution close to the plasma
membrane. * in the electron micrographs denotes the presynaptic terminal; PSD, postsynaptic density.
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neurons expressing Ng will be able to display LTP if Ng-
mediated potentiation is prevented by blocking NMDARs. We
carried out LTP experiments similar to those described above.
However, in these experiments, hippocampal slices were
incubated with AP5, an NMDAR blocker, shortly after GFP-
Ng viral delivery to CA1 neurons (slices were returned to the
standard ACSF solution during the recordings, i.e. there was
no AP5 in the ACSF). As shown in Figure 7C and D, neurons
expressing Ng are able to induce LTP comparable to that in
control-uninfected neurons. This strongly suggests that the
lack of LTP induction because of Ng expression is an occlu-
sion of LTP resulting from the Ng-mediated potentiation in
synaptic transmission and that both Ng-mediated potentia-
tion and LTP share a common mechanism. Nonetheless,
because of the ability of Ng-expressing cells to produce LTP
under these conditions (presence of overnight AP5), it is
unlikely that the lack of LTP (in Figure 7A) is secondary to
non-speciﬁc effects related to the viral gene delivery.
Ng is required for LTP induction
As an alternative method for testing the function of Ng in LTP,
we used an RNA interference (RNAi) approach. We designed
a unique 19-nucleotide sequence for Ng and used the pSuper
RNAi system, which uses a mammalian expression vector
that directs intracellular synthesis of small-interfering
RNA (siRNA-)-like transcripts. This siRNA effectively down-
regulates the expression of endogenous Ng in hippocampal
neurons (Figure 8A–C). First, to test whether acutely knock-
ing-down Ng alters synaptic transmission, we carried out
simultaneous whole-cell double recordings from neurons co-
expressing Ng-siRNA and GFP, and untransfected neurons.
As shown in Figure 8D, Ng-siRNA did not signiﬁcantly
change AMPAR- or NMDAR-mediated responses.
To test the function of endogenous Ng on LTP, we co-
expressed GFP and Ng-siRNA in organotypic hippocampal
slices. LTP was induced as described above (see Figure 7).
Knockdown of Ng completely abolished LTP induction
(Figure 8E and F). Importantly, neurons co-expressing this
Ng-siRNA and GFP-Ng produced robust LTP comparable to
that of control untransfected neurons, ruling out off-target
effects. It is important to note that Ng-siRNA is targeted
against the 50 untranslated region of Ng; thus, it knocks
down the endogenous Ng, but not the recombinant GFP-Ng
(in which the plasmid contains only the open reading frame).
In this rescue experiment, we also blocked overnight activity
to prevent any possible occlusion of LTP because of Ng
overexpression. Therefore, for this experiment, AP5 was
added shortly after the biolistic delivery of Ng and Ng-
siRNA (similar to those in Figure 7C). The combined data,
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Figure 7 Ng occludes LTP. (A, C) LTP was induced by pairing 3Hz presynaptic stimulation (300 pulses) with 0mV postsynaptic depolarization
(indicated with an arrow) in CA1 neurons expressing Ng (black squares) or uninfected neurons (white squares). (C, D) Slices were incubated in
AP5 shortly after the local viral delivery to prevent the potentiation of basal AMPAR responses in Ng-expressing neurons. Insets, sample traces
of evoked AMPAR-mediated synaptic responses recorded at  60mV before pairing (thin line) and 20min after pairing (thick line) from control
or infected cells as indicated. (B, D) Normalized average steady-state AMPAR-mediated responses in paired (LTP induction) and control
(unpaired pathway) pathways in the absence (B) or presence (D) of overnight AP5. (A, B) Pairing signiﬁcantly increased AMPAR-mediated
responses in uninfected neurons (Po0.01), but not in those expressing Ng. (C, D) When slices were incubated with AP5 during expression,
pairing signiﬁcantly increased AMPAR-mediated responses in control as well as Ng-expressing neurons. AMPAR responses from control
pathways were not statistically different from baseline responses.
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strongly suggest that Ng is required and rate-limiting for LTP
induction.
Discussion
CaM, which is a ubiquitous protein, participates in many
signalling pathways within all eukaryotic cells when bound
to Ca
2þ. In CA1 hippocampal neurons, synaptic NMDAR
activation causes a local, fast Ca
2þ increase in dendritic
spines allowing CaM to activate downstream effectors and
resulting in LTP. In this study, we examined the function of
Ng, a postysynaptic CaM-binding protein, in synaptic trans-
mission and plasticity.
Here, we show that the ability of Ng to interact with CaM
within the dendritic spines is rate limiting for synaptic
potentiation and is required for LTP induction. We also
show that Ng-mediated potentiation mimics LTP. The former
conclusion is based on three main experimental observations.
First, although Ng expression potentiates synaptic transmis-
sion, mutants of Ng that are incapable of CaM binding (Ng-
IQless and Ng-SD) were not able to enhance synaptic trans-
mission. Second, a mutant of Ng that is incapable of releasing
CaM with the increase in Ca
2þ concentration (Ng-SFAW)
lacks the ability to potentiate synaptic transmission. Third,
acute knockdown of Ng, which is essential for CaM targeting
within the spine, blocks LTP induction.
The conclusion that Ng-mediated potentiation mimics LTP
is supported by six main experimental observations. (1) It is
activity dependent as evidenced by its blockade by TTX. (2) It
is NMDAR dependent. (3) Ng expression results in CaMKII
activation speciﬁcally at synaptosomes. (4) Ng expression
results in GluR1 insertion into the synapses. (5) Ng-mediated
insertion of GluR1 is dependent on CaM–CaMKII interaction,
which results in CaMKII activation. (6) Ng-mediated poten-
tiation occludes LTP induction.
CaM is an abundant protein that has been under intensive
study, as it contributes to the activation of a diverse array of
signalling cascades. Interestingly, many of these interactions
reveal an apparent paradox of requiring CaM to activate
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Figure 8 Ng is required for LTP induction. (A) Two representative confocal images from organotypic hippocampal slices. pSuper plasmid
(containing Ng-siRNA) was co-expressed with GFP (to visualize the transfected cells) and 14h later was immunostained for Ng (red signal)
under permeabilized conditions. Note, cells transfected with the Ng-siRNA (green cells) have very low levels of endogenous Ng (red signal).
(B) Representative line plot analysis of Ng (red signal) and GFP (green signal). CB1 is a cell body of non-transfected neuron; CB2 is that of a
transfected neuron. (C) Normalized intensity from the line plots for Ng from 14 different pairs of cells; RNAi dramatically (490%) and
signiﬁcantly (P¼0.001) decreased Ng levels. (D) Simultaneous whole-cell double recordings from nearby pairs of untransfected (untran)
neurons and those co-transfected with Ng-siRNA and GFP. Left graph, comparisons of evoked AMPAR-mediated responses (P¼0.34). Right
graph, simultaneous recordings of evoked NMDAR-mediated responses (P¼0.21). (E) LTP was induced (as described in Figure 7) in CA1
neurons co-expressing Ng-siRNA and GFP (black squares), co-expressing Ng-siRNA and GFP-Ng in the presence of AP5 during the expression
(black circles) or untranfected neurons (white squares; similar results were obtained in the presence or absence of overnight AP5 and the data
were pooled together). Slices were returned to normal solution during recording (ACSF did not contain AP5 in any condition during
recordings). (F) Normalized average steady-state AMPAR-mediated responses in paired (LTP induction) and control (unpaired pathway)
pathways for the different conditions shown in (E).
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Ca
2þ/CaM-dependent enzymes are essential for the bidirec-
tional balance between LTP and long-term depression (LTD).
Ca
2þ/CaM-dependent protein phosphatase calcineurin is
required for LTD (Klee et al, 1979; Hubbard and Klee, 1987;
Mulkey et al, 1994; Torii et al, 1995; Zeng et al, 2001; Yasuda
et al, 2003). On the other hand, CaMKII is required for LTP
(Miller and Kennedy, 1985; Meyer et al, 1992; Silva et al,
1992; Giese et al, 1998; Hudmon and Schulman, 2002;
Lisman et al, 2002; Kennedy et al, 2005; Shifman et al,
2006). Therefore, it has been postulated that the cells may
regulate CaM-mediated signalling through the regulation of
the availability of its targets or CaM itself. There is experi-
mental evidence suggesting that the cell can regulate CaM
signalling through regulating local CaM pools (Toutenhoofd
and Strehler, 2000). Here, we propose that Ng spatially
regulates the availability of CaM within the dendritic spine
and thus favouring synaptic potentiation.
The requirement of Ng–CaM binding for Ng-mediated
potentiation may suggest that Ng is enhancing transmission
through a concomitant increase in the overall levels of CaM
within the spine, thus increasing the sensitivity of dendritic
spines to local Ca
2þ changes. However, overexpression of
CaM does not potentiate synaptic transmission. This is con-
sistent with an earlier report showing that intracellular
injection of 20mM CaM did not change synaptic transmission
(Wang and Kelly, 1995). Given the high levels of CaM in
neurons, it is possible that the exogenous CaM in both cases
was not high enough in dendritic spines to produce synaptic
potentiation. However, the same concentration of CaM
(20mM) was able to produce potentiation when co-injected
with 80mMC a
2þ (Wang and Kelly, 1995), suggesting that the
lack of effect on synaptic transmission when CaM was
injected alone is unlikely to be due to the lack of enough
exogenous CaM. Taken together, it is possible that Ng may be
targeting CaM within the spine. Indeed, the ultrastructural
localization of Ng shows that it is not randomly distributed
and it is mainly localized close to the plasma membrane. This
spatial localization may allow for preferential activation of
targets necessary for LTP induction (e.g. CaMKII). On the
other hand, an overall increase in CaM levels may not change
the balance in the activities of the Ca
2þ/CaM-dependent
enzymes that are essential in determining the synaptic plas-
ticity balance (e.g. CaMKII and calcineurin). Therefore, we
propose that changing Ng levels within the spine may provide
a tool to spatially regulate the preferential localization of CaM
within the spine and thus change subsequent signalling.
Interestingly, there is a close correlation between Ng levels,
calcineurin, and CaMKII, that is low Ng levels are correlated
with high calcineurin and low CaMKII activity (Krazem et al,
2003ab; Alzoubi et al, 2005, 2006; Norris et al, 2005). Thus, a
decrease in Ng in the spine may decrease CaM localized close
to/at the plasma membrane within the dendritic spine and
shifting the balance towards easier activation of calcineurin
at the expense of CaMKII. On the other hand, increasing Ng at
the dendritic spine shifts CaM localization close to the plasma
membrane allowing higher localized concentration of CaM
and enhancing the chance of CaMKII activation, whose
afﬁnity is several folds lower than that of calcineurin towards
Ca
2þ/CaM (Miller and Kennedy, 1985; Hubbard and Klee,
1987; Meyer et al, 1992; Hudmon and Schulman, 2002).
Further studies are warranted to explore these possibilities.
Moreover, such targeting of CaM could happen in one of two
ways: Ng may be recruiting more CaM into the spine, thus
concentrating CaM within the dendritic spines. Alternatively,
Ng may be redistributing CaM within the spine and targeting
it close to or at the plasma membrane.
The ﬁndings that Ng-mediated potentiation is dependent
on neuronal activity, NMDAR, and CaM binding suggest that
Ng may act as a sensor to the Ca
2þ signal, and increasing its
levels within the spine may enhance the spine sensitivity.
Thus, we have originally hypothesized that for Ng to be an
effective sensor of local Ca
2þ changes arising from NMDAR
activation, its localization within the spine might be at or
directly below the PSD. However, our immuno-EM data
reveal a surprising distribution in which Ng is mainly loca-
lized extrasynaptically at the plasma membrane adjacent to,
but not at, the PSD (Supplementary Figure 6B). This may
suggest a functional role of extrasynaptic NMDARs in LTP
induction. Interestingly, it has been suggested that extrasy-
naptic NMDARs can be activated after synaptic release (Hires
et al, 2008). Further studies are needed to dissect out the
function of extrasynaptic NMDARs in synaptic plasticity.
Two independent loss-of-function studies of Ng in mice
argue for an important function of Ng in LTP induction (Pak
et al, 2000; Krucker et al, 2002). However, these studies gave
opposite results. One study showed an enhanced LTP by high-
frequency stimuli, although the other knockout mice showed
deﬁcits in LTP induction. In both studies, the CaM-binding
domain was completely deleted. The conﬂicting results with
the Ng knockout studies may reﬂect different developmental
problems and global changes in calcium buffering in neurons.
For example, a computational study strongly suggests that the
lack of Ng increases the probabilities of all Ca
2þ/CaM-
dependent enzymes to be activated at low Ca
2þ concentra-
tion (Kubota et al, 2007). Indeed, chronically eliminating Ng
resulted in global changes in the activity of several enzymes
and substrates (Wu et al, 2002). In this study, we have
combined acute knockdown of Ng using siRNA and over-
expression techniques to elucidate the role of Ng in synaptic
function and plasticity. Our results indicate that Ng is re-
quired for LTP induction, and sufﬁcient to produce potentia-
tion that mimics LTP. Our results also show that Ng–CaM
interaction, although critical for Ng-mediated potentiation, is
not essential in maintaining synaptic transmission.
Our data support a model in which Ng targets CaM within
the dendritic spine, and acts as a sensor to local Ca
2þ
changes. Under normal conditions, overnight spontaneous
activity is not sufﬁcient to produce synaptic potentiation.
However, there is enough targeted CaM to respond to the high
increase in the local Ca
2þ induced by the LTP induction
protocols, resulting in potentiation (see Figure 9 for illustra-
tion). In the absence of Ng, however, the same induction
protocols are not able to induce LTP, as there is not enough
CaM targeted (spatially regulated) within the spine to allow
the proper activation of subsequent targets necessary for LTP
induction. In cases in which there is increased local Ng in the
spine, more CaM is targeted enhancing the spine sensitivity to
spontaneous overnight activity. Under these circumstances,
overnight activity is sufﬁcient to produce potentiation that
mimics LTP. This model focuses on the Ng–CaM interaction,
which is clearly required for Ng-mediated effects. However,
this does not exclude the importance or synergism of other
possible CaM-independent effects of Ng. For example, earlier
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2þ concen-
tration (Krucker et al, 2002; Huang et al, 2004; Kubota et al,
2008). Further studies are warranted to test whether other
mechanisms are involved in Ng-mediated potentiation in
synaptic transmission.
This study also raises more questions regarding the details
of Ng function in neurons. First, it is not clear how Ng
concentrates in the dendritic spines. Earlier studies show
that Ng concentrates in the dendritic spines (Watson et al,
1992; Neuner-Jehle et al, 1996). Moreover, an elegant com-
putational study has also supported such a need for a higher
concentration in the spines to be able to induce LTP
(Zhabotinsky et al, 2006). As mRNA for Ng does exist locally
at the dendrites and several studies have supported local
protein synthesis on demand, for example local CaMKII
synthesis after NMDAR activation (Scheetz et al, 2000;
Aakalu et al, 2001), the concentration of Ng at the spine
could be due to local synthesis. However, GFP-tagged Ng is
also concentrated in the dendritic spines relative to the
dendrites (Supplementary Figure 7). As the recombinant
GFP-tagged Ng lacked the signal for the RNA to trafﬁc to
the dendrite, it is likely that Ng is anchored or retained within
spines by an anchoring protein. Further studies are needed to
elucidate the identity of such anchoring protein.
Once in the dendritic spine, Ng awaits for the Ca
2þ
increase, which is enough to release CaM to activate subse-
quent targets. What then is the function of Ng phosphoryla-
tion? Through its IQ motif, Ng binds to CaM (Deloulme et al,
1991; Gerendasy et al, 1994b). The phosphorylation of the
serine residue (S36) within this IQ motif prevents Ng binding
to CaM (Huang et al, 1993). Thus, it has been hypothesized
that Ng phosphorylation is the event that controls
CaM availability, as phosphorylated Ng does not bind to
CaM. Therefore, on Ng phosphorylation, CaM is released
and the synapse can be potentiated. This hypothesis has to
be revisited.
As mentioned above, the increase in the local Ca
2þ is the
ﬁrst event. Thus, it is most likely that CaM will be released
from Ng even before Ng phosphorylation. Interestingly, a
recent study showed that Ng binds to phosphatidic acid (PA)
in a phosphorylation-dependent manner, that is Ng binds to
PA only when it is unphosphorylated (Dominguez-Gonzalez
et al, 2007). This may explain, at least partly, our ﬁnding that
Ng accumulates near the plasma membrane. It is not un-
reasonable then to hypothesize that, although the local
increase in Ca
2þ triggers CaM release, the Ng phosphoryla-
tion event is important to recycle Ng to and from the plasma
membrane. Further studies are needed to elucidate the func-
tion of Ng phosphorylation in synapses.
A third question that surfaces from this study is what
function Ng has in synaptic plasticity as well as learning and
memory deﬁcits associated with ageing, Alzheimer’s disease,
schizophrenia, or hypothyroidism. Ng knockout mice exhibit
spatial memory deﬁcits. Moreover, low Ng levels are corre-
lated with poor performance in the Morris water maze
(Huang et al, 2004). In addition, many conditions that are
associated with memory and synaptic plasticity deﬁcits are
also accompanied with decreased levels of Ng in pyramidal
neurons, for example ageing and hypothyroidism (Iniguez
et al, 1993; Piosik et al, 1995; Chang et al, 1997; Zoeller et al,
2000; Mons et al, 2001). Thus, there is a close correlation
between decreased Ng levels and synaptic plasticity and
memory deﬁcits. Interestingly, a recent study shows that Ng
is one of the major variants that correlates with schizophre-
nia, which may explain the cognitive deﬁcits associated with
schizophrenia (Stefansson et al, 2009). In instances in which
a condition has been corrected (e.g. hypothyroidism by
levothyroxin replacement therapy), Ng level and synaptic
plasticity were normalized (Alzoubi et al, 2005).
Nonetheless, agents that increase Ng levels (e.g. vitamin A)
were capable of partially alleviating the ageing-induced def-
icits in synaptic plasticity and memory (Etchamendy et al,
2001). Our data also show that overexpression of Ng en-
hances synaptic transmission in an LTP-like manner, whereas
knocking it down blocks LTP. Taken together, it is thus
possible that reduced Ng levels may be having a function in
the induced synaptic plasticity deﬁcits in ageing and disease.
Further studies will be needed to investigate any possible
function of Ng in the induced plasticity deﬁcits.
In conclusion, our results shed light into the important
function of Ng in LTP induction and provide a direct link
between CaM targeting within the dendritic spines, through
Ng, and the postsynaptic potentiation.
Materials and methods
DNA constructs and expression
Ng and CaM were cloned by PCR from a commercial rat brain cDNA
(Clontech). Appropriate in-frame GFP-fusion proteins were made
with pEGFP plasmid (GFP was placed at the N-terminus). Ng-IQless
mutant was cloned from the pEGFP-Ng plasmid by PCR in which
amino-acids 30–45 were removed. For Ng mutants (S36D and S36A-
F37W), we used the gene-tailor site-directed mutagenesis system
from Invitrogen. Constructs were re-cloned into pSinRep5 for
A
B
NMDAR AMPAR CaMKII CaM Ca2+
Ca2+
Ca2+
Ca2+
Ng
LTP
LTP
Spontaneous
activity
C
P-CaMKII
Figure 9 Ng enhances the sensitivity of the postsynaptic terminal.
(A) Under normal condition, there is enough targeted CaM that LTP
induction protocols result in an increase in the synaptic strength.
(B) The lack of Ng, however, results in the loss of the spatial
targeting of CaM; hence, LTP cannot be induced. (C) Increasing Ng
within the spine redistributes CaM within the spine and/or recruits
more CaM from the dendrite, enhancing the postsynaptic sensitiv-
ity. Under these conditions, overnight activity enhances synaptic
transmission in an LTP-like manner.
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plasmids have been veriﬁed by sequencing. Hippocampal slices
were prepared from young rats (postnatal day 5 or 6) and cultured
as described earlier (Gahwiler et al, 1997). After 2–7 days in culture,
the recombinant gene was delivered into the slices. For the
experiments shown in Figures 3A and 8, we used the biolistic
delivery method (Lo et al, 1994), which allowed us to deliver two
plasmids bearing mammalian promoters. For expression of single
proteins, we used the Sindbis virus expression system, which is a
replication-deﬁcient, low-toxicity, and neuron-speciﬁc system (Mal-
inow et al, 1999). The recombinant proteins were expressed for 36h
when GluR1 subunits were expressed (Figure 3A) or for 14h in the
rest of the cases. All biosafety procedures and animal care protocols
were approved by the Medical College of Wisconsin Institutional
Animal Care and Use Committee.
RNA interference
Five different unique 19-nucleotide sequences targeting rat Ng were
designed and pSuper RNAi system, which uses a mammalian
expression vector that directs intracellular synthesis of siRNA-like
transcripts, was used. The most potent siRNA sequence
(CGCCCACCCTACAGAAAGT) was used to assay the effect of acute
(14h) Ng knockdown on LTP induction.
Biochemistry
Hippocampal extracts were prepared in homogenization buffer
containing 4mM HEPES, pH 7.4, 320mM sucrose, 2mM DTT, 2mM
EDTA, 0.1mM phenylmethylsulfonyl ﬂuoride, 1mg/ml leupeptin,
1mg/ml chemostatin, 1mg/ml antipain, and 1mg/ml pepstatin. The
homogenates were processed for synaptosomal fractionation as
described earlier (Gerges et al, 2006). Antibodies used for western
blot analysis were anti-Ng (Chemicon) and anti-CaM (Epitomics).
Phosphorylation of CaM–CaMKII at Thr286 was analysed using
phospho-speciﬁc anti-CaMKII and regular anti-a CaMKII antibodies
(Chemicon) using the homogenization buffer described above
supplemented with phosphatase inhibitors (10mM NaF, 1mM
microcystin LR, and 0.5mM calyculin A) and 50mM EDTA.
CaM pull-down
Hippocampal extracts were prepared in homogenization buffer
(150mM NaCl, 20mM Tris pH 7.5, 1mM DTT, 1mg/ml leupeptin,
1mg/ml chemostatin, 1mg/ml antipain, 1mg/ml pepstatin, and 1%
Triton X-100) containing either 2mM EDTA (to chelate any Ca
2þ)o r
2mM Ca
2þ. These extracts were then incubated with CaM-
sepharose beads (GE Healthcare) for 3h at 41C followed by three
washes in homogenization buffer. Elution buffer contained either
10mM CaCl2 (to elute Ca
2þ-sensitive CaM-binding proteins, e.g.
Ng) or 10mM EDTA (to elute Ca
2þ-dependent CaM-binding
proteins, e.g. CaMKII).
Electrophysiology
Simultaneous double whole-cell recordings were obtained for
nearby pairs of infected (ﬂuorescent) and uninfected (non-
ﬂuorescent) neurons under visual guidance using differential
interference contrast illumination. Synaptic responses were evoked
with two bipolar electrodes placed on the Schaffer collateral
(presynaptic axonal) ﬁbres between 300 and 500mm of the
recorded cells. The responses obtained from the two stimulating
electrodes were averaged for each cell and counted as an ‘n’o f1 .A s
the expression is always in CA1 hippocampal pyramidal neurons
and the stimulation is applied on Schaffer collateral ﬁbres from CA3
neurons, this experimental conﬁguration ensures that the potential
effects of the expressed recombinant proteins are postsynaptic. The
amplitude of the evoked excitatory postsynaptic current (EPSC)
measured at  60mV is a measure of the AMPAR-mediated
responses. NMDAR-mediated responses, on the other hand, are
measured at þ40mVat a latency when the AMPAR responses have
fully decayed (60ms after stimulation). The recording chamber was
perfused with 119mM NaCl, 2.5mM KCl, 4mM CaCl2, 4mM MgCl2,
26mM NaHCO3, 1mM NaH2PO4, 11mM glucose, 0.1mM picrotox-
in, and 2mM 2-chloroadenosine at pH 7.4 and gassed with 5% CO2,
95% O2. Patch recording pipettes (3–6MO) were ﬁlled with 115mM
cesium methanesulfonate, 20mM CsCl, 10mM HEPES, 2.5mM
MgCl2, 4mM Na2ATP, 0.4mM Na3GTP, 10mM sodium phospho-
creatine, and 0.6mM EGTA at pH 7.25. Miniature EPSCs (Figure 2D)
were recorded in the presence of 1mM TTX and no adenosine. For
rectiﬁcation experiments (Figure 4A), 0.1mM spermine was added
in the intracellular solution, and 0.1mM DL-2-amino-5-phospho-
nopentanoate (AP5) was present in the bath solution. LTP was
induced by pairing 3Hz presynaptic stimulation (300 pulses) with
0mV postsynaptic depolarization. Voltage-clamp whole-cell record-
ings were acquired with a Multiclamp 700A ampliﬁer (Axon
Instruments).
Immunohistochemistry and confocal imaging
Confocal images of neurons co-transfected with Ng-siRNA and GFP
(Figure 8A) or with GFP-Ng and RFP (Supplementary Figure 7)
were taken with a Leica laser-scanning confocal microscope. ImageJ
was used for three-dimensional reconstruction and ﬂuorescence
intensity quantiﬁcation. Immunostaining for Ng (Figure 8A) was
carried out in permeabilized conditions using anti-Ng and Cy3
coupled anti-rabbit (Jackson Immuno) antibodies. The ﬂuorescence
peak at the cell bodies was calculated after background substraction
(Gerges et al, 2004, 2005).
Immunogold electron microscopy
Hippocampal slices were ﬁxed and processed for osmium-free post-
embedding immunogold labelling essentially as described earlier
(Phend et al, 1995). Ng was labelled with anti-Ng antibody
(Chemicon) and an anti-rabbit antibody coupled to 10-nm gold
particles (electron microscopy sciences). Electron micrographs were
obtained with a Joel EM-2100 transmission electron microscopy and
an Orius SC 1000 CCD camera.
Statistical analysis
Comparison of electrophysiological responses between pairs of
infected and uninfected neurons (Figures 2A–C, 4, 5 and 8D) was
carried out using the paired non-parametric Wilcoxon test. Mean
values of mEPSC (Figure 2D), red ﬂuorescence in cell bodies
(Figure 8C), rectiﬁcation index of AMPAR synaptic responses
(Figure 3A), and protein levels at synaptosomes or homogenates
fractions (Figure 3B) were compared using two-side unpaired
t-tests. Comparison of cumulative distributions (Figure 6A) was
carried out with the Kolmogorov–Smirnov test. Error bars represent
standard error of the mean in all ﬁgures.
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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